Abstract. We report on a flexible multipurpose nonlinear microscopic imaging system based on a femtosecond excitation source and a photonic crystal fiber with multiple miniaturized time-correlated single-photon counting detectors. The system provides the simultaneous acquisition of e.g., two-photon autofluorescence, secondharmonic generation, and coherent anti-Stokes Raman scattering images. Its flexible scan head permits ex vivo biological imaging with subcellular resolution such as rapid biopsy examination during surgery as well as imaging on small as well as large animals. Above all, such an arrangement perfectly matches the needs for the clinical investigation of human skin in vivo where knowledge about the distribution of endogenous fluorophores, second-harmonic generation-active collagen as well as nonfluorescent lipids is of high interest.
Introduction
High-resolution nonlinear deep tissue imaging [1] [2] [3] has been realized by pixelwise focusing near-infrared (NIR) femtosecond laser pulses inside the sample and collecting fluorescence signals in the epidirection. Advantageously, the nonlinear dependence on the excitation intensity minimizes out-of-focus excitation and provides optical sectioning 2 with high signal to noise ratios (SNR). Additionally, the use of NIR laser radiation results in reduced out-of-focus bleaching and high penetration depths due to low scattering and low absorption of the tissue compared to one-photon excitation. The spatially resolved twophoton autofluorescence (AF) of intrinsic fluorophores, such as elastin, melanin, flavines, and NAD(P)H permits visualization of the morphological structure of the skin. 4 Employing timecorrelated single-photon counting (TCSPC) 5 provides their characteristic fluorescence lifetimes and thus allows their distinction. 1 Marking the lifetimes in pseudocolors represents the corresponding fluorescent lifetime image (FLIM). 1, 3 A further nonlinear optical process which can be used for deep tissue imaging is second-harmonic generation (SHG). It provides complimentary information on noncentrosymmetric protein structures of the dermal collagen network. 6 An additional modality with optical sectioning capability is coherent anti-Stokes Raman scattering (CARS). 7 CARS allows to detect nonfluorescent and non-SHG, but Raman-active substances. For CARS excitation, a pump (ω pump ), a Stokes (ω Stokes ) and a probe (ω probe ) photon are required. 8 To simplify the CARS implementation, often the pump and probe photons are generated by a common light source (ω pump ¼ ω probe ). In case the frequency difference between ω pump and ω Stokes matches a molecular vibrational frequency, the CARS signal at ω CARS ¼ 2ω pump − ω Stokes is strongly enhanced. 8 CARS can be applied to provide supplementary information on the distribution of lipids in human skin. [9] [10] [11] [12] Lipids are nonfluorescent, but rich in Raman-active CH 2 groups with a stretch vibrational transition at 2845 cm −1 . 13 In human skin, they are, for instance, part of (i) the superficial skin barrier (cholesterol), 14 (ii) the cellular membrane (phospholipids), and (iii) the dermis, stored inside dermal adipocytes as energy reservoirs. 15 Additionally, CARS can provide information on the water distribution (OH vibration at about 3250 cm −1 ) 16 inside the skin which is of high interest, e.g., in dermatology to investigate the skin barrier function (trans epidermal water loss) 17 and in cosmetic research during skin hydration measurements. 18 This high wavenumber region including the vibrational transitions of lipids (CH 2 ), proteins (CH 3 ), and water (OH) can be accessed by employing commercially available photonic crystal fibers (PCF) as the source for the CARS Stokes photons. 19 In fact, broadband high spectral power densities in the necessary wavelength region between 900 and 1100 nm are provided by these PCFs, 19 which are inevitable for deep tissue imaging. The broadband CARS Stokes spectrum (i) can be narrowed by a bandpass filter to excite a single vibrational transition such as lipids 20 or (ii) can be employed to excite multiple vibrational transitions simultaneously. The latter broadband approach allows multiplex CARS (M-CARS) "spectroscopy" and "microscopy" which has been demonstrated recently by the application of supercontinuum fibers covering the detection of lipids/proteins and water. [21] [22] [23] The described label-free AF, SHG, and CARS modalities are perfectly in line with the needs for clinical skin imaging. During the last decade, "CE marked" AF/SHG based tomographs have been developed including systems with an additional CARS option. [10] [11] [12] 20 The certified clinical AF/SHG-CARS tomograph MPTflex CARS (JenLab, Germany) as a mobile flexible nonlinear imaging system not only simplifies in vivo AF/SHG imaging of human skin 9, [24] [25] [26] but is also a multipurpose system which can be used for small animal research, in vivo stem cell tracking 27 and ex vivo biopsy imaging. Free-space-beam delivery inside an articulated optical mirror arm is provided by active beam position control. This allows a high degree of freedom for the positioning of the scan head, inevitable for a variety of medical applications [ Fig. 1(a) ]. 26, 28, 29 The scan head of the tomograph MPTflex CARS typically contains a dual-channel detector for simultaneous detection of AF and SHG or AF/SHG and CARS signals, respectively. Its laser scanning arrangement allows to acquire AF/SHG and CARS images with a field-of-view (FOV) of 350 × 350 μm 2 and 200 × 200 μm 2 , up to a depth of 200 and 150 μm, respectively. However, due to the limited number of detectors, a separation of simultaneously generated AF and SHG signals during CARS imaging was not possible. Thus, e.g., skin aging studies based on the SHG-to-AF aging index of dermis (SAAID) 30 were limited to non-CARS tomographs.
In this article, we report on a very compact multichannel-(FLIM)-detector for the clinical tomograph MPTflex CARS, which satisfies the need for simultaneous detection of multiple signals. This paper is divided into three sections: (i) the system characterization, (ii) ex vivo imaging of murine tissue samples, and (iii) the application on human skin in vivo.
Materials and Methods

Experimental Setup
A detailed description of the imaging system MPTflex CARS [ Fig. 1(a) ] was published recently. 10 Briefly, the system consists of a mobile optoelectronic housing (I) and a freely movable and adjustable scan head (II) connected to the housing (I) by a flexible articulated mirror arm (III). For CARS contrast, the pulses (centered at 800 nm) from an 80 MHz Ti:sapphire, 100 fs oscillator (MaiTai XF-1, Spectra Physics, USA) are divided into two parts. One part, which passes a motorized delay line, is used as both CARS pump and probe. The remaining part is coupled into a PCF (FemtoWHITE CARS, NKT Photonics, Denmark) for spectral broadening.
The spectral characteristics of the PCF are presented in Fig. 1(b) . The bold blue curve represents the full spectrum of the PCF behind the dichroic beam combiner SP850 with a total power of about 65 mW. Note that the applied spectrometer (BTC112E TE, B&W Tek) is not intensity calibrated for this measurement. The spectral density of the fiber is determined separately by placing a linear variable bandpass filter (LVNIRBP, Delta Optical Thin Film A/S, Denmark) behind the dichroic beam combiner SP850 and measuring its transmitted optical power at the individual transmitted spectral bands. The corresponding integrated optical power of these spectral bands is also shown in Fig. 1(b) . Spectral power densities at 1045 nm are about (16 mW∕30 nm≈) 0.5 mW∕nm and at 825 nm, spectral power densities are about 0.07 mW∕nm.
The bandpass filtered output [in general: centered at 1045 nm, 30-nm full width at half maximum (FWHM)] is used as the CARS Stokes laser and allows one to generate CARS contrast at 2845 cm −1 to probe the Raman resonances of lipids and proteins. Collinearly recombined by a dichroic beam combiner, the two beams are coupled into the articulated mirror arm in a free-space setup. On axis beam delivery through the articulated mirror arm is guaranteed by active beam stabilization, which compensates for any temperature drift of the system's optomechanical structure and the mechanical tolerances of the articulated mirror arm. This beam stabilization is an essential element of the presented imaging system. Due to the relative long beam path (≈3.5 m), even minor mechanical tolerances can translate to a significant position error at the back aperture of the focusing optics. The consequence would be a noncentered illumination of the FOV and thus a strong degradation of image quality.
The deviations of the CARS pump and Stokes excitation beams from the target position are successively detected by a position-sensitive detector located at a conjugated position of the focusing optics inside the scan head [see Fig. 2(a) ]. The rear surface reflection of the dichroic beam splitter is used as a test beam. The feedback signals of the position-sensitive detector are sent to the computer which controls two motorized kinematic mirror mounts located in front of the articulated mirror arm.
This active beam stabilization and an additional motorized delay line guarantee the necessary spatial and temporal overlap, respectively, of the CARS pump and CARS Stokes pulses inside the focal volume of the 40× 1.3 numerical aperture focusing optics. The multitude of generated signals which are detectable by the system include AF, SHG Pump , SHG Stokes , sum frequency generation (SFG PumpþStokes ) of the CARS pump and CARS Stokes photons and the CARS signals.
For a simultaneous detection and separation of AF/FLIM, SHG and CARS signals, a compact four-channel detection module has been specially developed by us for the scan head of The simultaneous readout of the detectors was accomplished by single-photon counting (SPC) hardware (JenLab, Germany) generating images of 512 × 512 pixels at a mean dwell time of 26 μs∕pixel. [This corresponds to about 6.5 s∕frame. Higher frame rates are possible, e.g., for an overview image of the region-of-interest (ROI), however, with a lower SNR.] Lifetime measurements can be accomplished simultaneously to SPC by TCSPC hardware SPC 150 (Becker&Hickl, Germany) with a standard resolution of 128 × 128 pixels (alternative pixel resolution settings are possible). In the following experiments, TCSPC data are presented only for channel (1), but in principle, all four channels can be readout by the same TCSPC hardware using the integrated TCSPC router electronics HRT-41 (Becker&Hickl, Germany).
Spatial Resolution Measurement
Axial and lateral resolution was measured for AF and CARS modalities in epidirection without averaging. As a figure of merit for the lateral resolution of the imaging system, spincoated subresolution microspheres were imaged and the FWHM of their point spread function was measured. For AF and CARS imaging, 0.20 μm yellow/green fluorescent microspheres (Fluoresbrite™ Plain YG Microspheres, Polyscience, USA) and 0.21 μm polystyrene microspheres (PS02N, Bangs Laboratories, USA) were recorded, respectively, with pixel dwell times of 11 μs∕pixel (512 × 512 pixels). A Gaussian fit was applied to the line intensity profile through the center of imaged subresolution microspheres. To determine the axial resolution, the derivative of the edge response during the transition from cover glass to fluorescein solution (AF) and from cover glass to glycerol (CARS) has been used as a figure of merit, 31 respectively. A stack of 0.1-μm separated images was recorded and a Gaussian fit was applied to the first derivative of the mean intensity distribution along the z direction. The power for AF imaging at 800 nm was set to 0.2 mW and for CARS imaging, 5 mW and 3 mW for the CARS pump and CARS Stokes laser, respectively. To increase the amount of backscattered light (similar to human skin), a piece of white label paper was placed in the optical axis directly behind the focal volume. 
Validation of the FLIM System
FLIM capability has been verified (i) by determining the temporal resolution of the complete imaging system and (ii) measuring the lifetime of fluorescein solution as a reference. As a figure of merit for the temporal resolution of the complete imaging system, the FWHM of the instrument response function (IRF) has been measured. The IRF has been determined by detecting SHG from the nonlinear interaction of the 800-nm excitation radiation (CARS Stokes laser was blocked) with urea crystals and recording its apparent time duration by the TCSPC software package (SPCImage, Becker & Hickl, Germany).
Additionally, the lifetime of the fluorescein solution (Fluorescein SE Thilo 1.7 mg∕ml Fluorescein-Natrium; Alcon Pharma, Germany) as a standard test sample was acquired. To suppress self-quenching effects, the initial concentration of the fluorescein solution (0.17%) has been diluted to about 0.002%. For this measurement, the effective IRF was automatically determined by the TCSPC software package.
Determination of Chemical Contrast
The chemical contrast of lipids was measured by imaging a three-dimensional (3-D) structured chess pattern test target (70-μm grating constant) made of borosilicate glass whose cavities were filled with immersion oil (type 518 F; Zeiss, Germany). The lateral intensity profile through the center of the position of an oil-filled cavity and the position of the sole glass next to it was determined. The CARS-independent background, composed of brightness bias, detector noise, and AF/laser leakage, was compensated by acquiring an image without the temporal overlap of CARS pump and CARS Stokes pulses (temporal detuning of >5 ps). The ratio of resonant (R) to nonresonant background (NRB) was determined by subtracting the mean intensity value (I B ) of this background from the acquired lateral intensity profile I½R∕NRB ¼ ðI MAX − I B Þ∕ðI MIN − I B Þ. Similar to the above described resolution measurements, the amount of backscattered light was increased by a piece of white label paper placed directly behind the focal volume.
Ex Vivo Imaging
To demonstrate ex vivo imaging, the inverted scan head position was set up as shown in Fig. 2(d) . Animal studies have been conducted in accordance with ethical standards. Fresh murine tissue samples (extracted 5 h postmortem) of brain, abdominal fat, intestine, liver, spinal cord, and muscle from a hairy mouse were placed on an N-BK7 coverslip connected by double sided tape with the system associated adapter ring. The XY and Z positioning of the tissue relative to the focus position was realized by an integrated motorized stage with maximum vertical and axial travel distances of 5 × 5 mm 2 and 5 mm and a step size of 12.7 μm and 1.25 μm, respectively.
All images were acquired with total optical powers (P pump þ p Stokes ) in the range of 10 to 40 mW at the sample position at imaging depths of 5 to 30 μm and without averaging. For better print-visualization of individual images, their contrast has been enhanced using ImageJ software. 32 
In Vivo Human Skin Imaging
For human skin imaging, immersion oil (type 518 F; Zeiss, Germany), N-BK7 coverslips, and water were placed between focusing optics and skin. To comply with laser safety requirements of the certified body, the total output power of both beams (P pump þ P Stokes ) was limited to 50 mW at the skin. Imaging was performed on healthy human skin (male forearm and nasal wing) in a skin depth of 70 and 5 μm, respectively.
Multiplex CARS
In order to realize M-CARS, the Stokes-bandpass filter [see Fig. 2(a) ] was replaced by a longpass LP785. "M-CARS spectroscopy" (forward detected; pump-laser centered at 782 nm) was realized to demonstrate the chemical selectivity. Multiplex CARS is accomplished by spectral focusing. 33 The necessary chirp is passively achieved by the dispersive elements inside the optical beam path. CARS spectra of water, glycerol and dimethylsulfoxide (DMSO) were acquired using a fiber-coupled spectrometer (BTC112E TE, B&W Tek, USA; 60-s integration time) with a collimator lens attached to the collection side of the fiber. To compensate spectral power density variations of the supercontinuum, the acquired spectra of water, glycerol and DMSO were normalized against the nonresonant signal generated inside an N-BK7 slide in a similar way as described by Kano. 34 For "M-CARS imaging" of test samples containing water and oil, the accessibility of the OH region was realized by tuning the wavelength of the CARS pump laser to 788 nm. For separation of lipid-CARS and water-CARS signals, a dichroic longpass beam splitter LP640 was combined with a 13 nm bandpass filter with a transmission maximum centered at a wavelength of 640 nm [lipid channel (3)] and a 15 nm bandpass filter with a transmission center wavelength at 625 nm [water channel (4)]. As a proof of principle demonstration, an interface of water and petroleum jelly (Vaseline® original, Unilever, Germany) was imaged. Considering the chirp of the Stokes pulses, images were acquired at different temporal delay positions (þ0.25 ps ¼ maximum signal in lipid channel; −0.25 ps ¼ maximum signal in water channel; AE0 ps ¼ signal in both channels).
Finally, the "M-CARS imaging" capability was tested on fresh murine abdominal fat tissue.
Results
Spatial Resolution Measurement
The mean FWHM for AF-and CARS-lateral intensity profiles was determined to be ð0.39 AE 0.02Þ μm (emission maximum at about: 486 nm) and ð0.28 AE 0.03Þ μm (emission at: 651 nm), respectively. Typical intensity profiles are illustrated in Figs. 3(a) and 3(c) . The FWHM of the derivative of the AF and CARS intensity edge response was determined to be ð1.85 AE 0.15Þ μm (emission maximum at about: 520 nm) and ð1.53 AE 0.12Þ μm, respectively. Typical responses are visible in Figs. 3(b) and 3(d) .
Validation of the FLIM System
A typical IRF is illustrated in Fig. 3(e) with an FWHM of 200 ps. The fluorescence decay curve of fluorescein [ Fig. 3(f) ] shows a monoexponential decay [fitting settings: monoexponential best-fit curve (dashed); threefold binning]. The decay time distribution histogram of fluorescein with a single maximum is presented in Fig. 3(g) .
Determination of Chemical Contrast
The CARS image of the 3-D structured test target whose cavities were filled with immersion oil is shown in Fig. 3(h) with the lateral CARS intensity profile (I, blue) through the center of an oil-filled cavity and the mean background signal (I B , red). Subtraction of I B (non-CARS background) from I reveals a ratio R∕NRB of about 27:1.
Ex Vivo Imaging
Multimodal images of fresh murine brain, abdominal fat tissue, intestine, liver, myelin sheaths, and abdominal muscle are shown in Fig. 4 . The optical section of the abdominal fat tissue indicates a strong CARS contrast due to high CH 2 concentrations inside the monovacuolar adipocytes. The adipocytes are connected to each other by reticular collagen fibers (SHG) and the fluorescence contrast is visible from the periphery of the cells. Interestingly, the lifetime image accentuates a further capillary-like structure (arrowhead), which is difficult to recognize in the AF or SHG channel. High lipid concentrations are also present inside liver tissue as intracellular lipid vacuoles/ droplets, inside the spinal cord as myelin sheaths and in between muscle tissue as adipocytes, respectively. Images of muscle tissue additionally show highly periodic SHG contrast due to myofilaments.
In Vivo Human Skin Imaging
Multichannel AF/FLIM-SHG-CARS functionality on healthy human skin in vivo at a depth of 70 μm (dermal papillae) is demonstrated in Fig. 5 . The AF channel represents a circular arrangement of basal cells with elastin fibers in the center. The corresponding lifetime image reveals the heterogeneity of lifetimes (pseudocolors). The SHG channel visualizes the corresponding interweaved collagen fibers due to the nonlinear light-collagen interaction. The CARS channel shows sharply separated cellular details but also roundish structures of dermal papillae are noticeable.
Figure 3(i) shows an optical section of human skin from the nasal wing. The CARS signal (red) points out high lipid concentrations of sebum on the surface of the skin. The AF signal (green) illustrates a hair and corneocytes.
Multiplex CARS
The glycerol CARS spectrum [ Fig. 6(b) , black] reveals two significant peaks, the CH 2 peak at 2845 cm −1 and the OH peak at 3250 cm −1 . The latter is caused by the OH-stretching vibration of the glycerol molecule and the high-water content of glycerol (about 14% in accordance with the pharmacopoeia). The DMSO spectrum (red) was recorded to characterize the spectral resolution of the CARS system. The Raman band at 2916 cm −1 can be clearly distinguished from the band at 3000 cm −1 . The CARS spectrum of water (blue) has a maximum at 3250 cm −1 . Notice that the intensities were normalized and the OH intensities correspond to one-fourth of the CH 2 intensities.
M-CARS imaging at the interface of water and petroleum jelly [ Fig. 6(a) ] at different temporal delay positions reveals a significant contrast reversal from the CH 2 to the OH channel. At zero delay, both channels simultaneously detect vibrational related signals with sufficient contrast between water and petroleum jelly.
Furthermore, the capability for M-CARS imaging was tested on murine abdominal fat tissue seen in Fig. 6(c) . Next to the high contrast of the AF and SHG modalities, a high contrast can be also visualized between intracellular lipids and extracellular water. The composite image in Fig. 6(c) shows the signals pseudocolored (AF: green, SHG: blue, CH 2 -CARS: red, and OH-CARS: yellow). The FLIM data disclose additional, lifetime-dependent contrast, with granular structures in between the intracellular lipid matrix.
Discussion
Spatial Resolution Measurement
Nonflexible multiphoton tomographs based on stable breadboard designs have a typical resolution of about 300 nm.
1
It should be noticed that the gained flexibility of the MPTflex CARS due to the optical articulated mirror arm results in a 3.5-m long optical beam path. This influences the spatial resolution due to a possible jitter between the two beams and the optical axis as well as between the two beams. Interestingly, the above described resolution measurements clearly reveal an excellent subcellular resolution of <400 nm which is close to the one of a stable breadboard design but with the advantage of significantly more flexibility and thus accessibility for in vivo imaging.
Validation of the FLIM System
Essential for the acquisition of lifetime data (FLIM) is a fast response of the detector and the electronics of the imaging system. The novel multichannel detector reveals a representative IRF with an FWHM of about 200 ps, which is of the order of previous multiphoton imaging systems. 35 Furthermore, the lifetime distribution histogram exhibits a single maximum at 4.4 ns, which coincides with literature values ranging from 4.1 ns to 4.5 ns. 
Determination of Chemical Contrast
In the applied femtosecond CARS system, the spectral resolution is set by the spectral width of the CARS pump laser, where a pulse width of 100 fs corresponds to a spectral width of about 150 cm −1 , which is generally much broader than the line width of many Raman resonances. 38 The chemical contrast for the excitation of narrow Raman lines is reduced due to noninvolved spectral parts of the CARS pump laser. In this manner, the generated NRB limits the chemical contrast, which makes it difficult for the system to be applied for the fingerprint region. 39 In the high wavenumber region, the situation is different. The broad Raman line width at a resonance of 2845 cm −1 CH 2 (lipids) and 2950 cm −1 CH 3 (proteins) 40 roughly fits to the spectral width of the femtosecond pulses and thus supports the sensitivity and the ratio R∕NRB. In fact, Chen et al. demonstrated that the vibrational contrast at 2845 cm −1 for picosecond as well as femtosecond CARS systems are comparable. 41 These findings are also confirmed by the R∕NRB measurement at the 3-D structured test target filled with oil (R∕NRB ¼ 27∶1) but also ex vivo on fresh murine myelin sheaths (see Fig. 4 ) with a vibrational contrast of >7∶1, which are similar to contrast ratios observed by other groups. 41 For most parts of the epidermis and upper dermis of human skin, the R∕NRB is significantly lower due to lower concentrations of lipids. R∕NRB ratios of about 3:1 (data not shown here) have been determined by our group, however, some ROIs like the exit of sebaceous glands on the skin surface disclose higher lipid concentrations (sebum) and thus reveal higher R∕NRB ratios in a range between 10:1 and 20:1 [see Fig. 3(i) ].
Ex Vivo Imaging
The application of the described multichannel detector uncovers valuable complementary information, such as seen in the murine tissue images of Fig. 4 . To exemplify, a capillary like structure (arrowhead in Fig. 4) , which is very challenging to be recognized in the AF or SHG channel, is highlighted inside the lifetime image. There are even blood cells visible inside this capillary.
In Fig. 4 , the muscle tissue shows similar information inside the SHG and the AF image. This is most likely due to nonlinear interaction at the muscle fibrils producing a SHG Stokes signal at a wavelength of 517 nm (and possibly also due to the SFG PumpþStokes signal at a wavelength of 451 nm). For effective suppression of the SHG Stokes and SFG PumpþStokes signals inside the AF image, spectral notch filters can be applied. Furthermore, the application of TCSPC hardware allows a temporal separation between the instantaneous SHG and SFG signals (fast components) and the decayed fluorescence lifetime component by the application of time gating. 42 Even though the images of Fig. 4 represent ex vivo data, such data sets can also be generated in vivo. This has already been demonstrated over a time period of several hours on living mice with the AF and SHG imaging capability of the MPTflex (JenLab, Germany). 27 
In Vivo Human Skin Imaging
Subcellular details are visible inside the multimodal in vivo section of Fig. 5 . In addition to the morphology accessible in the AF and SHG images, the lifetime image reveals a heterogeneity of lifetimes which is the result of different endogenous fluorophores and their microenvironments inside the skin (settings: double-exponential best-fit, threefold binning). The basal cells can be clearly distinguished (orange color coded; high content of melanin 4 ) from the elastin (blue-green color coded; longer lifetimes). 1 The CARS image provides additional morphological information.
There is no significant AF crosstalk visible in the SHG image. However, for deeper skin regions, a weak SHG Stokes and SFG PumpþStokes signal from the nonlinear interaction at collagen molecules of the dermis cannot be excluded. In general, this can be easily eliminated by the same methods already discussed above including the application of spectral notch filters or by applying time gating.
Multiplex CARS
The proof of concept experiment in Fig. 6 shows that broadband multiplex CARS imaging with a simultaneous detection and separation of lipids/proteins and water has been realized. With the filters and beamsplitters used in this study, the spectral separation between the CH 2 and OH vibration occurred at the position of 3100 cm −1 . The CH 2 detection channel (gray shaded background) is separated from the OH detection channel (hatched background) by a few wavenumbers only [see Fig. 6(b) ]. This results in a possible detection of the OH side wing by the CH 2 channel. Even though the normalized OH intensities correspond to one-fourth of the CH 2 intensities, this crosstalk is not negligible at 3100 cm −1 . In future, this crosstalk can be reduced by an appropriate filter assembly with a spectral separation close to 3000 cm −1 . The CARS spectrum of water has a maximum at around 3250 cm −1 which is similar to the CARS spectrum published by Slepkov et al. 23 To determine the spectral resolution of the system, a CARS spectrum of DMSO was recorded. It shows two clearly distinguished peaks at 2916 cm −1 and at about 3000 cm −1 . However, the appearing spectral resolution is higher than the one expected from the CARS pump pulse spectral width (150 cm −1 ) which is due to the present chirp of the CARS pump and/or CARS Stokes pulse(s). In future, the chemical contrast of the presented M-CARS imaging approach might be enhanced by system adaption such as further spectral focusing which could be advantageous for separating lipid and protein signals.
Considerations on Data Handling
The signals of a multitude of modalities can be recorded simultaneously by the described multichannel detector. It is obvious that the amount of generated data increases with the number of applied channels. One SPC image (bit depth: 16 bit) of 512 × 512 pixels generates 0.5 MB of data. Acquiring a typical stack of 20 images (z-step 10 μm) and applying all four channels creates about 40 MB of data per image stack. For an estimated minimum of three stacks, the amount of data increases to 120 MB per patient or lesion. Additional data accumulates when adding the lifetime modality. As an example, Fig. 7(a) represents pseudocolored FLIM data of human dermis. The number of photons per pixel (SPC) is shown in Figs. 7(c) and 7(d) of a single elastin fiber. Pixels with photon numbers >800 are red and others are green colored, respectively. Altogether, the framed pixels (onefold binning) contain 6300 photons with their arrival time represented as a temporal decay curve in Fig. 7(b) (double exponential fit) . The additional lifetime information is of high value for functional imaging of the tissue, which however, requires at least 8 MB (related to 128 × 128 pixels) of disk space for only one lifetime image. (It is possible to acquire the lifetime data of four channels simultaneously, with a higher resolution of 512 × 512 pixels which, however, would exceed this discussion.) Completing this discussion, the data for one typical examination will generate data exceeding 0.5 GB.
The analysis of the acquired data in multiphoton imaging is still handled manually which limits the patient throughput. In future, automated image analysis will be required. Especially, the quantification of photon numbers for skin aging measurements 30 and qualitative analysis such as extraction of diagnostic relevant data for skin cancer detection 28, 29 require sophisticated computer-aided diagnosis (CAD), 43 which in the future should be combined with clinical multiphoton tomographs.
Conclusion
A multipurpose, multimodal, and mobile imaging system with superior optical sectioning capability has been presented. A multitude of information including AF/FLIM, SHG, and CARS can be obtained in a single scan. Several applications could benefit from this multichannel detector such as ex vivo imaging of excised tumor tissue 44 or SAAID-based skin aging measurements 30 of human skin. Visualization of lipid/protein and water contrast enables further applications in dermatology to investigate skin barrier problems 17 or in cosmetic research for skin hydration measurements, 18 such as depth profiles of skin lipids and water. Optical sections of human skin can be realized completely painlessly with high-resolution images acquired in a few seconds. Additionally, the integrated XYZ motorized stage allows easy tissue positioning for ex vivo (inverted imaging system) as well as in vivo human skin imaging in a 5 × 5 mm 2 ROI and an axial travel distance (Z) of 5 mm for easy and fast localization of the tissue/skin surface.
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